Multiwall carbon nanotubes (MWCNTs) functionalized with hydroxyl groups (MWCNTs-OH) have been incorporated into polyvinyl acetate (PVAc) and urea-formaldehyde (UF) adhesives utilized in tropical wood gluing. The Raman spectroscopy, the atomic force microscopy (AFM), and transmission electron microscopy (TEM) were used to describe the MWCNTs-OH. The adhesives were evaluated in three concentrations of MWCNTs-OH: 0% (control), 0.05%, and 0.1%. The evaluation included color, the distribution of MWCNTs-OH by TEM and AFM, thermal stability and viscosity of the adhesives, and shear strength (SS) of the glue line for nine tropical woods. AFM and TEM confirmed interaction of MWCNTs-OH with adhesives. The viscosity of the PVAc adhesive increases with added MWCNTs-OH. The incorporation of MWCNTs-OH in PVAc and UF resin produces wood adhesives with less brightness, less yellowness, and increased redness. The nanotubes in the adhesive improved the thermal stability of the composites and increased the entropy factor and energy of activation in the kinetic decomposition of the resin. In relation to SS, MWCNTs-OH in any of the two concentrations had no significant effect on SS in dry condition in half of the species studied glued with PVAc adhesive, whereas, for UF-adhesive, the SS and percentage of wood failure improved in most of the 9 species studied.
Introduction
Adhesives play an important role in the wood industry; 75% of the products manufactured with this material are joined together by means of adhesives [1] ; among those products are composites like plywood, fiberboards, and OSB [2, 3] . The employment of adhesives has also facilitated wood utilization to make good quality products [4] . Due to their importance, production of new or enhanced adhesives has incentivized the search for new methods to increase added value in the applications [1] .
Application of nanotechnology to adhesive manufacturing allows the development of new characteristics and properties in these polymers that increase their performance [2, 5] . Nanoclay, aluminum oxide nanoparticles, cellulose nanocrystals, zinc oxide nanoparticles, and carbon nanotubes are among the nanofillers utilized to enhance adhesives [6] .
The unique properties of carbon nanotubes have attracted great interest since their discovery in 1991. Carbon nanotubes can be used to store fuel such as hydrogen, for new compound materials, and in catalytic applications, among others [7] . Carbon nanotubes are graphene tubular structures that may be composed of a single layer (single-wall carbon nanotubes, SWNTs) or several concentric layers (multiwall carbon nanotubes, MWCNTs) [8] .
The difference between SWNTs and MWCNTs is related to their properties (chemical resistance, mechanical, thermal and electrical), which are conferred by the structure thereof and also determine their applications [8] . For example, Asgari and Lohrasbi [9] compared SWNTs and MWCNTs and they conclude that MWCNTs have durability as a support for platinum electrodes for gas diffusion. Likewise, Osswald et al. [10] mention the conductive high capacity SWCNTs compared to MWCNTs; this makes the latter more suitable
Materials and Methods

Materials.
Multiwall carbon nanotubes functionalized with hydroxyl groups (MWCNTs-OH) were used, provided by Cheap Tubes Inc. (Cambridgeport, USA). In addition, multiwall carbon nonfunctionalized nanotubes from the same company were used to compare functionalization of nanotubes in Raman. Information provided by the manufacturer of both products indicates an external diameter of approximately 50 nm, 10-20 m length, 95% pureness, and -OH groups concentration ranging from 0.5 to 1.0% in weight.
Two types of wood adhesives were employed: the water based polyvinyl acetate (PVAc) Resistol M.R. 850, produced by Henkel Capital S.A.(http://www.resistol.com.mx/es.html). The technical description of the product indicates that the resin is polyvinyl acetate and water, presenting 54.5-55.5% solid content and 1600-2200 cPs viscosity. The second type is water based urea-formaldehyde (UF) adhesive of the commercial brand Resina CR-560 U-F, manufactured by Química Centroamericana, Quibor, S.A. (http://www.agroquibor.com/). This is a three-component in situ-prepared adhesive: resin, wheat flour, and catalyst of sulphate type, with weight proportions of 41%, 24.8%, and 0.32%, respectively, plus 34% water. The technical description indicates that the product presents 64-65% solid content and 650-900 cPs viscosity.
The species utilized to test the modified adhesive were Acacia mangium, Cedrela odorata, Cordia alliodora, Enterolobium cyclocarpum, Gmelina arborea, Goethalsia meiantha, Ochroma pyramidale, Tectona grandis, and Vochysia ferruginea, all of them woods traditionally used in Costa Rica to manufacture doors and other wood products or products for engineering that demand intensive use of adhesives [14] . Some of these species have shown gluing problems [15] . The woods were obtained at different lumber stores.
MWCNTs-OH Characterization.
The structure of the MWCNTs-OH was evaluated by means of the Raman spectra and the thermogravimetric analyzer. The Raman spectra of the nanotubes were collected on a DXR Raman Microscope, Thermo Scientific; the samples were excited at 532 nm from the laser line and 2.5 mW power, with a spectrograph aperture of 25 m pinhole. Next, the analysis of the variation in the intensities of the bands characteristic in MWCNTs-OH (D, G, and G ) is carried out. Measurements of TGA were carried out using 10-12 mg of MWCNTs and MWCNTs-OH in order to determine the thermal stability, at a heating rate of 50 ∘ C/min in a nitrogen atmosphere reaching a temperature of 100 ∘ C in 50 minutes. A thermogravimetric analyzer model TGA 5000, brand Instrument NBr, was used. In order to avoid unwanted oxidation, TGA measurements were conducted with the composite placed in high quality nitrogen (99.5% nitrogen and 0.5% oxygen content) atmosphere and the data analysis was made by TA Instruments Universal Analysis 2000 software. Spectra obtained with the Raman and Journal of Nanomaterials 3 the curves in the TGA of the MWCNTs-OH were compared with the spectra of the MWCNTs without functionalizing.
Preparation of Adhesive with MWCNTs-OH.
MWCNTs-OH were added to two types of adhesives (PVAc and UF) in three concentrations: 0% (control), 0.05%, and 0.1% (weight weight −1 ). The addition of the MWCNTs-OH to the adhesive was carried out in two stages. Firstly, the weight of the MWCNTs-OH necessary to prepare the 0.05% and 0.1% concentrations in the adhesives was calculated. Then, the nanotubes were dispersed in a volume of water (5% weight weight −1 with respect to the PVAc adhesive) by sonication (dispersion A), following the method proposed by Khan et al. [16] . The second stage consisted of mixing the aqueous dispersion of functionalized nanotubes in the PVAc, which was performed mechanically. In the case of the UF adhesive, it differs from the PVAc: firstly, the mass of nanotubes corresponding to concentrations 0.05% and 1% was sonicated in the volume of water to be added in the preparation of the adhesive (54% w/w water). After that, the weight of the resin and of the other components was calculated according to the proportions indicated and then mixed.
Sonication of the MWCNTs-OH in water was performed at an amplitude of 75% for 30 minutes, at intervals of 45 seconds with 15-second breaks. For sonication the equipment ultrasonic processor model CV18 was used. To add dispersion A into the PVAc adhesive and the MWCNTs-OH mixture into the UF resin, both mixtures were stirred at 1600 rpm with the aid of four 45 ∘ inclined blade impeller for 15 minutes. During that time, the nanotube dispersion was added slowly to attain a homogeneous mixture.
Characterization of the Adhesive.
First, the MWCNTs-OH were observed in the adhesive. For this, samples were observed by means of the transmission electron microscope (TEM) and the atomic force microscope (AFM). Later, the two types of adhesives (PVAc and UF) in both concentrations of MWCNTs-OH (0.05% and 0.1%) and the respective controls were evaluated for viscosity, color, and thermal behavior by means of thermogravimetric analyses (TGA).
TEM images were obtained using a Jeol JEM 2100F TEM. These images were taken with a bean current of 52 m at 100 kV. The AFM observations performed in the wood adhesive were carried out using a Nanoscope V, an atomic force microscope (Asylum Research model MFP 3D), fitted with a Hybrid XYZ scanner. Atomic force microscope measurements were done under ambient air conditions in tapping mode. The sensitivity of the tip deviation and the scanner resolution was 0.3 nm. The resolution was set to 250 lines by 256 pixels for all observations. Measurement of viscosity was performed using a 600 mL Low Form Griffin Beaker using 500 mL of the adhesives in the Brookfield-11+ Pro LV. 2.4.4 viscometer. Spindler number 4 for the PVAc adhesives and spindler number 3 for the UF adhesives according to the ASTM D2256-11 standard [17] were used.
As for color, a film sample (3 cm wide × 10 cm long × 2 mm thick) was prepared on glass with each adhesive. Once the film was dry (approximately 72 hours later), its color was measured. Color measurement of the MWCNTs-OH in solid condition was also performed, for which purpose powder samples of the MWCNTs-OH were used. A Hunter Lab Scan XE Plus mini model spectrophotometer was used to obtain the * , * , and * parameters. The conditions for color measurement are detailed by Moya et al. [18] . The index of color difference (Δ * ), according to the ASTM D2244 standard [19] , was used to compare color parameters between adhesives with different concentrations of MWCNTs-OH. This index defines the color difference magnitude between two adhesives using CIELab's color systems according to (1) . This index was calculated using the average color values for all samples from each adhesive:
where
* , = average value for adhesive without MWCNTs-OH, and = average value for adhesive with MWCNTs-OH.
The thermal stability was analyzed for the two types of adhesives with the 3 concentrations. Measurements of TGA were carried out using 10-12 mg of each adhesive in each concentration, at a heating rate of 50 ∘ C/min in a nitrogen atmosphere reaching a temperature of 100 ∘ C in 50 minutes. A thermogravimetric analyzer model TGA 5000, Instrument NBr brand, was used. TGA measurement conditions are detailed by Moya et al. [18] . Two decomposition reactions were identified in the case of PVAc; in the case of UF only the second reaction was analyzed because the first one corresponds to water elimination. For each reaction, the temperature and the remnant mass at the start of the decomposition, at the maximum reaction point, and at the end of the reaction were identified. Then kinetics was calculated for each reaction (2) by means of lineation (3), according to Vyazovkin and Sbirrazzuoli [20] , where the differential isoconversional method of Friedman is utilized:
where is degraded mass, / is percentage of the degraded sample in unite time, 0 is entropy factor, is energy of activation, is temperature, and is gas constant. was applied according to the manufacturer's specifications, that is, an amount of 100 g m −2 in both types of adhesive. After applying glue on the surface of the wood, the samples were pressed in a hydraulic machine at 2.0 kg cm −2 pressure, maintaining the pressure for 24 hours. After pressure application, glued samples were conditioned to 20 ∘ C and 60% relative humidity for two weeks. Then 30 samples were extracted from the glued samples and tested for each set of formulation. The evaluation of shear resistance was measured in dry and wet condition. The Tinius Olsen hydraulic test machine with 10 kN capacity was used for load application and the data were entered into a computer. The percentage of wood failure and maximum load were recorded for each test. The block shear tests were carried out according to the ASTM D905-98 standard [21] . The sizes of samples for "wet condition" were the same as "dry condition tests." For "wet condition," the samples were taken directly out of the water after being immersed in water for 24 h. Before the tests, excess water was wiped off from the samples. During the water immersion period, temperature of water was maintained at 20 ∘ C. After each sample was tested in the compression test, the percentage of wood failure was evaluated according to the ASTM D-5266-13 standard [22] .
Analysis of the Information.
Compliance of the determined variables with the assumptions of normal distribution and homogeneity of the variances and with the presence of extreme data was verified. After that, a variance analysis was applied to verify the effect of adhesion of the MWCNTs-OH concentration (0%, 0.05%, and 0.1%) on viscosity, values of entropy factor, activation energy, function of decomposition, and temperature and remnant mass in different reactions of kinetics of decomposition and shear strength of the wood. The Tukey test at 99% confidence level was established to determine the statistical difference between the mean values. Figure 1(a) shows the comparison between the MWCNT and MWCNTs-OH. As expected, bands D, G, and G were detected in both types of nanotubes. However, a difference in the Raman intensity of the functionalized nanotubes in the three bands was observed. In band D, located close to 1350 cm −1 , the increase in the intensity represents a ring breathing mode from sp 2 carbon rings and indicates the presence of some disorder in the graphene structure in the nanotubes, attributed to other forms of carbon that contaminate the sample and to defects in the walls of the nanotubes or heteroatoms added to the structure of the nanotubes [23, 24] . Meanwhile, Datsyuk et al. [25] mention that increases in the intensities of band G, located after 1500 cm −1 , and band G are produced by inplane stretching of carbon-carbon bonds in the graphene sheets; they also point out disorders and defects of the carbon nanotubes. The above results showed that MWCNTs-OH presented an increment in all the bands with respect to MWCNT and increased defects in the walls of the nanotubes, probably due to the presence of -OH groups added to multiwall nanotubes [23, 24] .
Results and Discussion
MWCNT Characterization.
The evaluation of the thermal stability measured by TGA shows a difference between MWCNTs-OH and MWCNTs (Figure 1(b) ). Two types of oxidation are observed in MWCNTs: the first one presented at 671 ∘ C and the second one occurred at 714 ∘ C, with a residual mass of 2.82%. For MWCNTs-OH, the maximum decomposition temperature occurred at 675 ∘ C and residual mass was 35% (Figure 1(b) ). It is also observed that the initial decomposition temperatures differ for both CNTs, in MWCNTs being approximately 597 ∘ C and for MWCNTs-OH being 659 ∘ C.
The temperature ranges observed agree with another report of MWCNTs, which reports a range of 600 ∘ C to 750 ∘ C [7, 10, 26] . The small differences observed in this temperature Journal of Nanomaterials and in decomposition temperatures can be linked to the temperatures of synthesis of the nanotubes, the presence of defect sites along the walls and at the ends of the nanotubes, the number of walls in MWCNTs and the presence of the catalyst composition, and the presence of other materials in the sample [27, 28] . The crystallinity of the nanotubes gives great stability and increases the resistance they present to oxidation; when subjected to a functionalization process, nanotubes change their size; they may lose some layers and increase the number of defects [7, 26] . These characteristics imply a loss in the crystallinity and therefore the resistance oxidation; this should be reflected in a decrease in the maximum temperature of decomposition [7, 10, 27, 29] . However, this behavior of MWCNTs-OH does not agree with that expected. This difference could be due to two samples which do not belong to the same batch and the number of walls before functionalization differing with the MWCNTs used for this comparison.
The peak at 714 ∘ C in the MWCNTs lightly observed in MWCNTs-OH can be associated with material purity and with the presence of other types of complex materials such as fullerenes [26, 30] . Similarly, the difference between the residual masses (MWCNTs: 2.82%; MWCNTs-OH: 35%) may be associated with the metal type used for catalysis in the synthesis process as well as oxidation products of that catalyst. This reflects a difference in the quality and homogeneity between both materials, Lehman et al. [26] .
Adhesive Characterization
TEM and AFM. Figures 2(a) and 2(b)
show MWCNTs-OH TEM images where the dimensions and irregularities of the external wall of the nanotubes can be observed. Figure 2 (c) reveals the interaction of the MWCNTs-OH with the PVAc; the MWCNT-OH has a tubular structure while the PVAc can be perceived as spherical particles [28] , with diameters ranging between 35.0 and 45.0 nm. Figure 2(d) , meanwhile, shows the corresponding AFM image of the PVAc-MWCNTs-OH film, where zones of high and low rugosity can be observed. High rugosity zones could be associated with presence of MWCNTs-OH, while low rugosity areas could be linked to PVAc particles [2] , which tend to be more homogeneous in shape and rugosity, thus coinciding with the observations from the TEM.
3.3.
Viscosity. Viscosity decreases as the rotational speed increases in both types of adhesives and the 3 concentrations of MWCNTs-OH (Figure 3) . This behavior is known as "shear-thinning," which is characteristic of pseudoplastic fluids [31] . For PVAc adhesives, viscosity is greater when MWCNTs-OH are added and greater at 0.05% concentration compared to its value at 0.10% concentration (Figure 3(a) ). This behavior was not observed for the UF adhesive. No differences in viscosity were observed between the adhesive without MWCNTs-OH and the adhesive with 0.05% concentration at low rotational speeds, as opposed to high speeds where differences are evidenced. Meanwhile, there was difference between the adhesive without MWCNTs-OH at 0.10% and 0.05% concentrations (Figure 3(b) ).
The increase in viscosity with increasing amount of added MWCNTs-OH, especially for the UF adhesive, coincides with observations made by Pötschke et al. [32] and Du et al. [13] in polymers with MWCNTs-OH. However, the behavior found in the concentrations of the PVAc adhesive (greater viscosity at 0.05% concentration relative to 0.1% concentration) could be associated with the fact that the mixture between the PVAc and MWCNTs-OH at 0.1% concentration was not satisfactorily homogeneous [33] .
Color.
Relative to color parameters of the different adhesives with different proportions of MWCNTs-OH, luminosity ( * ) and yellowness ( * ) for both adhesives decreased statistically, whereas redness ( * ) increases with added MWCNTs-OH (Table 1) . However, the change in * differed in each resin: no differences were observed in PVAc with the proportions 0.05% and 0.1%. Parameter * (redness) increases in PVAc adhesive, while diminishing in UF adhesive. On the other hand, color change (Δ * ) varied from 24.88 to 25.50 in the PVAc adhesive and from 26.67 to 28.53 in the UF adhesive as the amount of added MWCNTs-OH increases (Table 1) .
According to the above results the addition of MWCNTs-OH tends to noticeably change the color parameters in both adhesives used, producing Δ * values above 12 [34] . This variation can be explained by the fact that unmixed MWCNTs-OH show values of * , * , and * close to zero, distinctive of black color. When adding the MWCNTs-OH to both resins, a suspension instead of a mixture is created, producing change in the tonality of the adhesive from white (Figure 4(a) ) to gray (Figure 4(b) ).
Thermal Stability of the Adhesive.
TGA analysis of the PVAc modified with and without MWCNTs-OH (0.05% w/w, 0.1% w/w) shows two inflexions ( Figure 5(a) ). These inflexions are related to chemical reactions of decomposition that occur in each adhesive [35] . The first inflexion in PVAc adhesive, around 310 ∘ C, corresponds to the greatest weight loss and to structural decomposition of the adhesive, which Journal of Nanomaterials UF without MWCNTs UF with 0.05% MWCNTs UF with 0.1% MWCNTs according to McNeill et al. [36] is linked to decomposition of acetic acid. The second inflexion, close to 430 ∘ C (Figure 4(a) ), could be the result of decomposition of organic additives utilized in the formulation of the PVAc emulsion [36, 37] . Regarding the UF adhesive (Figure 4(b) ), small inflexion occurs before reaching 100 ∘ C, which is linked to loss of water contained in the UF adhesive [38] . A second decomposition within the range of temperature of 235 ∘ C and 262 ∘ C is also observed, resulting mainly from resin degradation. As a result, a series of components are liberated: methylene, methylol, dimethylene ethers, methylene methyl ethers, methylene glycols (formaldehyde), components with carbonyl groups, and triazine, among others [39] .
The values of temperature and remnant mass at each inflexion where decomposition of each adhesive starts (Figures 5 (c) and 5(d)) indicate that there is slight difference between the PVAc adhesive with MWCNTs-OH and without MWCNTs-OH in the first and second decomposition. In the first decomposition, the temperature (initial, peak maximum, and final point) presents no variation, but the remnant mass in those points is higher in adhesives containing MWCNTs-OH. A slight increase is observed with increasing concentration (Table 2 ). In the second reaction of the PVAc adhesive with and without MWCNTs-OH, little difference is again observed with the different temperatures. However, for remnant mass differences can be observed. The PVAc adhesive without MWCNTs-OH and the PVAc adhesive with 0.1% concentration of MWCNTs-OH presented differences in the remnant mass relative to the adhesive with 0.05% concentration of MWCNTs-OH.
The addition of any of the two concentrations of MWCNTs-OH to the UF adhesive produces noticeable alteration in temperature and increase of the remnant mass in reaction 2, with the exception of the remnant mass at the initial point (Table 2) . Furthermore, no differences were found in various parameters evaluated for adhesives with 0.05% and 0.1% concentration of MWCNTs-OH ( Table 2 ).
The analysis of the apparent combustion kinetics modelling of both types of adhesives with different concentrations of MWCNTs-OH (Table 3) showed that the activation energy in the adhesive without MWCNTs-OH is lower than that in the adhesive with concentrations of MWCNTs-OH at 0.05% and 0.1%, increasing as the concentration of MWCNTs-OH increases (Table 3) . Moreover, differences were found between the entropy factor of the combustion kinetics in the different reactions of the adhesives. The entropy factor was statistically higher in the PVAc adhesive with MWCNTs-OH in the first reaction, while the degree of the decomposition function tends to be stable for the three adhesives. Meanwhile, the entropy factor increases again with increasing concentration of MWCNTs-OH (0.05% and 0.1%) added to the UF adhesive, as what occurs with the activation energy and the degree of the decomposition function (Table 3) .
With regard to the final ash content an increase was observed as concentration of MWCNTs-OH in the adhesives increased, which is attributed to the presence of MWCNTs-OH at finalization of the decomposition of the adhesive (Table 2) .
TGA spectra (Figures 5(a) and 5(b)) showed that addition of MWCNTs-OH caused no modification in the decomposition reaction of any of the two types of adhesives evaluated, although modification of the thermal stability is observed (Table 3) , which is due to increased activation energy and maximum temperature ( Table 2 ). The same behavior was observed by Du et al. 13 and Fu et al. [11] , although these authors added single-wall carbon nanotubes (SWCNs). According to Fu et al. [11] thermal stability could be attributed to the barrier effects and radical-trapping effects of CNTs.
Wood Penetration.
Likewise, it is important to mention that despite the increased viscosity of the glue (Figure 3) , no significant effects in the penetration of the adhesive into the region near the glue line ( Figure 6 ) are observed. Moreover, it was observed that the glue line area of Vochysia guatemalensis wood glued with PVAc adhesive modified with MWCNTs-OH was similar to wood glued with the unmodified adhesive (Figures 6(a) and 6(b) , resp.). Even for vessels near the glue line, penetration of the adhesive was observed in glueline of wood glued with modified and unmodified adhesive.
Bond Shear Resistance.
The results showed that adding MWCNTs-OH to PVAc or UF adhesives produces different Peak maximum
Final point In all evaluated species moisture content in dry condition was statistically equivalent for all conditions of concentration of MWCNTs-OH and species (Table 4) . However, no differences were observed in this property in some species or adhesives in wet condition (MC), after the wood was immersed in water for 24 hours (Table 4) . Where the PVAc adhesive is modified with MWCNTs-OH, significant decrease of the moisture absorption, that is, less MC, occurs only in C. alliodora and O. pyramidale. Meanwhile, where the UF adhesive is modified with MWCNTs-OH, moisture content decreases in the wood of A. mangium, G. arborea, and O. pyramidale. For the rest of the species, the value of moisture content remains statistically unaffected ( Table 4) .
The percentage of wood failure (PWF) in wood glued with PVAc adhesive with added MWCNTs-OH diminished significantly in the woods of A. mangium, C. alliodora, G. arborea, and O. pyramidale in dry condition (Table 4) . Meanwhile, for A. mangium, E. cyclocarpum, G. meiantha, T. grandis, and V. guatemalensis in wet condition, the wood failure percentage increased with added MWCNTs-OH. For the rest of conditions and species, PWF was not significantly affected by the addition of MWCNTs-OH to the PVAc.
For C. odorata in wet condition and for G. meiantha in both moisture conditions (dry and wet), PWF diminished significantly with the UF adhesive with MWCNTs-OH ( Table 4) . On the other hand, the PWF increased in the glue line with the UF adhesive modified with MWCNTs-OH in A. mangium and E. cyclocarpum in both moisture conditions (dry and wet); in C. odorata and C. alliodora in dry condition and 0.1% concentration of MWCNTs-OH; and in T. grandis and V. guatemalensis in dry condition.
Addition of graphene components or nanotubes (CNT or MWCNT) has proved to help improve adhesion properties of different types of adhesives [11, 12, [40] [41] [42] [43] , as observed in several of the species evaluated in the present study ( Figure 5) . However, few studies have utilized MWCNT in wood adhesives. One of them is the one conducted by Fu et al. [11] , who found that incorporating CNTs and CNT-OH could effectively reduce the flammability of WPC, and CNT-OH conferred better flame retardancy on WPC relative to pristine CNTs due to the improved interfacial compatibilization between CNT-OH and wood flour.
Meanwhile, Pinto et al. [42] found that 50% increase of shear strength on veneer lap joints occurs by increasing concentration of graphene nanoplatelets from 0.1% to 0.3% in poly(vinyl acetate) latex. Those investigations agree with the results obtained when adding MWCNTs-OH to a base of either PVAc or UF in A. mangium, C. odorata, C. alliodora, and G. meiantha (Figures 7(a)-7 (c) and 7(f)) and in E. cyclocarpum, G. arborea, and O. pyramidale with UF adhesive (Figures 7(d)-7 (e) and 7(g)). However, an increase in SS was only observed in G. meiantha while changing from 0.05 to 0.1% concentration in the UF adhesive (Figure 7(c) ) and in V. ferruginea with PVAc ( Figure 7(i) ), as observed by Pinto et al. [42] while changing from 0.1% to 0.3% graphene nanoplatelets in poly(vinyl acetate) latex to increase shear resistance.
Shear resistance increment occurring in most of the species when adding MWCNTs-OH, particularly in the case of UF resin in some concentrations, can be explained by the conclusions by Pinto et al. [42] , who mention a significant mechanical reinforcement that can be attributed to strong interfacial interactions between polymer chains and the graphene surface. Likely, affinity of the surface of the material and good dispersion of the nanotubes inside the polymeric matrix produce cohesive reinforcement of the adhesive layer, resulting in greater joint resistance [43] . The less significant effectivity observed in the PVAc adhesive relative to the UF adhesive may be explained by agglomeration of the MWCNTs-OH in the PVAc adhesive that reduces SS, as what occurred in C. alliodora, E. cyclocarpum, G. arborea, O. pyramidale, and T. grandis (Figure 7) , resulting in values of SS statistically equivalent between the control and the different concentrations. Therefore, according to the results, incorporating nanotubes was more effective in the UF adhesive, probably because of less agglomeration of nanotubes in this type of resin.
It is known that the performance of the PVAc and UF adhesives depends on moisture absorption by the material. Presence of water, which works as a plasticizer, increases elongation and tear strength but reduces the tensile strength, limiting the structural behavior of the adhesive [43] . This is therefore the cause for reduction of the SS in all of the species after immersing the samples in water during 24 hours (Table 3) .
However, addition of MWCNTs-OH slightly increases SS or percentage of wood failure in all species; for example, an increase was obtained in C. alliodora and O. pyramidale with the PVAc adhesive and in A. mangium, G. arborea, and O. pyramidale with UF adhesive (Table 4) . For the remaining conditions it is not possible to achieve this. These results confirm the findings for SS in dry condition: for some species the increment is achieved, whereas not for others, indicating that the adhesive modified with MWCNTs-OH fails to achieve adequate interaction between the surface of the substrate and the modifications carried out for the adhesive. Therefore, other types of functionalization of MWCNTs-OH will be necessary.
Conclusion
Multiwall carbon nanotubes functionalized with hydroxyl groups (MWCNTs-OH) incorporated to polyvinyl acetate wood adhesives (PVAc) and urea-formaldehyde (UF) improve the thermogravimetric properties of those adhesives (increase of the initial temperature, increase of the maximum peak temperature, increase of the remnant mass in the different periods of temperature studied in the reactions of the adhesives, and increase of the entropy factor and activation energy of the kinetics of decomposition of the resin). Other physical aspects affected by the addition of MWCNTs-OH to PVAc and UF adhesives were increased resin viscosity, decreased brightness and adhesive yellowness, and increased redness, especially in the proportion of 1.5%. AFM and TEM showed that the MWCNTs-OH are appropriately distributed into the two types of adhesives and the SEM showed no penetration problems of the modified adhesives into the different types of wood.
As for the behavior of the modification of adhesives, increased shear strength of the glue line and percentage of wood failure of most tropical species occur, especially when using the UF adhesive. By increasing the moisture in the wood, the modified adhesive increases the strength of the glue line in half of the species studied, indicating that, in some species, an adequate interaction between the substrate surface and the adhesive modified with MWCNTs-OH is not achieved.
